The voltage and the power production of two gram negative and two gram positive bacteria in four identical continuous flow microbial fuel cells combined with biological wastewater treatment units were evaluated and compared in the present study. Each microbial fuel cell and biological treatment unit was operated at four different flow rates and four different external load resistances. The results show that overall removal efficiency of chemical oxygen demand for all four systems can reach more than 85.5 %. Each pure culture has different power generation performance that can be affected by some factors, such as wastewater characteristics, influent flow rate and hydraulic retention time of reactor. Good linear relationships between the flow rate and the potential and between the flow rate and the power density on four pure cultures at different external load resistances were found. Comamonas testosteroni has better power generation performance than Arthrobacter polychromogenes, especially at higher flow rate. Although Pseudomonas putida also showed higher power generation than Corynebacterium glutamicum, the difference was not statistically significant. It seems that gram negative bacteria could display higher power generation than gram positive bacteria at higher flow rate. However, more evidence is required to provide stronger proof for the difference of power generation between gram negative and gram positive bacteria.
INTRODUCTION
Microbial fuel cells (MFCs) have been considered a promising technology for power generation (Logan and Regan, 2006; Refaat, 2009; 2010; Chen et al., 2010; Lee and Shih, 2010) . In MFCs, the microorganisms are able to convert the organic matter in wastewater into electricity. In a biological wastewater treatment system, if an anaerobic tank that acts as an anodic chamber is provided, the bacteria will use the organic matter in this tank to produce electrons and protons. The electrons will then be diverted toward an anode and subsequently flow across a conductive material containing a resistor and finally be released in a cathodic chamber. The protons will also be transported to the cathodic chamber through the Proton exchange membrane (PEM). Both electrons and protons will finally be depleted in the cathodic chamber, coupled with the reduction of oxygen to water (Rabaey and Verstraete, 2005; Logan and Regan, 2006) . Many researchers have used different species of pure culture in MFCs to generate electricity using this technique. Bond and Lovely (2003) studied the power generation performance of Geobactor sulfurreducens and reported that production of current in MFC (65 mA/m 2 of electrode surface) or poisedpotential (163-1143 mV/m 2 ) mode was greater than that reported in previous studies. Rabaey et al. (2004) of anode for isolate KRA3. They also concluded that the pure cultures yield lower power outputs than the mixed consortium. Min et al. (2005) compared the power generation performance between a pure culture, Geobactor metallireducens and a mixed culture, and reported power output of 40±1mW/m 2 for the former and 38±1mW/m 2 for the latter. Du et al. (2007) transferred a mixed culture from anaerobic sludge into an MFC and found that the microorganisms with electrophilic and anode-preferred characteristics will appear in the anodic chamber more often. Sun et al. (2009) also found that higher power density can be obtained more easily by a mixed culture than a pure culture in MFCs.
Many researchers have also analyzed the power generation performance of MFC using gram negative pure cultures, such as Escherichia coli (Schroder et al., 2003; Zhang et al., 2008) , Shewanella putrefaciens (Kim et al., 1999; Kim et al., 2002) , Shewanella oneidensis (Biffinger et al., 2008; Watson and Logan, 2010) and Rhodoferax ferrireducens (Chaudhuri and Lovley, 2003) . Likewise, some researchers have studied the power generation performance of MFC using gram positive bacteria, such as Clostridium butyricum EG3 (Park et al., 2001) , Enterococcus gallinarum (Rabaey et al., 2004) , Methanothermobacter thermauto-trophicus, Pelotomaculum thermopropionicum, Brevibacilus agri (fermicutes) (Debabov, 2008) , Clostridium acetobutylicum, and Clostridium thermohydrosulfuricum (Mathuriya and Sharma, 2009; Finch et al., 2011) .
Gram positive bacteria have simpler chemical composition containing approximately 90 % peptidoglycan and 10 % teichoic acid. The covalent bonding between peptidoglycan and teichoic acid may cause higher surface Zeta potential (negative surface charge) of many gram positive bacteria (Juang, 2001) . On the contrary, the cell wall of gram negative bacteria contains peptidoglycan (approximtely 10 %), an outer membrane (composed of lipopolysaccharide, lipophosphate and lipoprotein), an outer membrane protein and periplasm. Therefore, most gram negative bacteria appear to have lower surface Zeta potential. It is possible that the difference of cell surface charges between gram negative and gram positive bacteria may affect their electrogenic capability in MFC. By the way, the difference of growth rates between gram negative and gram positive bacteria may also affect their power output in MFC. However, before the possible factors affecting the power generation capability of gram negative and gram positive bacteria in MFC are identified, it will be of great interest to first determine whether both types of bacteria display different power generation performance under the same operational conditions. This study was conducted at the laboratory of Meiho University in Taiwan from November 2010 to January 2011.
MATERIALS AND METHODS

Pure cultures
Four kinds of pure cultures were selected in this study, including two gram negative bacteria (Pseudomonas putida and Comamonas testosteroni) and two gram positive bacteria (Arthrobacter polychromogenes and Corynebacterium gultamicum). These pure cultures were purchased from the Bioresource Collection and Research Center in Taiwan, and were incubated in our laboratory. Before the bacteria were transferred into four MFCs, they were individually incubated in the disinfected artificial wastewater (250 mL for each bacterium) without aeration for two weeks to adapt to the wastewater and to rapidly increase their population.
Artificial wastewater
During the experimental period for P. putida and Corynebacterium gultamicum, the compositions and concentrations of artificial wastewater were 1,000 mg/L of glucose, 300 mg/L of nutrient broth, 167 mg/L of NH 4 CL, 25 mg/L of K 2 HPO 4 , 25 mg/L of NaH 2 PO 4 , 5 mg/L of FeCL 3 , 100 mg/L of MgCL 2 , 10 mg/L of MnSO 4 , and 133 mg/L of CaCL 2 ; however, two more compositions of 25 mg/L of NaOH and 175 mg/L of NaHCO 3 were provided during the experimental period for Comamonas testosteroni and A. polychromogenes, respectively, to adjust for different pHs of wastewater (Juang, 2001; Eldiwani et al., 2009) . The artificial wastewater was autoclaved, and the delivery tube was disinfected by 95 % ethyl alcohol before each use.
MFC design
For each MFC system, two graphite carbon electrodes (CCM-400C, Central Carbon Co., Ltd., Taiwan) with the same size were used for both anode and cathode (6.3 cm length × 4 cm width × 3 mm (8.3 cm side water depth × 9.8 cm width × 9.8 cm length) for each chamber. Every chamber was disinfected with 95 % ethyl alcohol before use. The anodic chamber was sealed with superglue. Finally, the cover and all connections were sealed with silica gel to maintain an anaerobic condition in the chamber during operation. A peristaltic pump was used to pump fixed amount of artificial wastewater into each anodic chamber. The effluent of anodic chamber first flowed into a water seal box before overflowing into a biological treatment unit (including the aeration tank and the secondary clarifier) to ensure that the air will not reflux into the anodic chamber. A tube connected from the anodic chamber into a bottle filled with water to form a water seal was used to discharge any gases produced by the anaerobic reaction. Air was purged into each cathodic chamber by an air stone connected to a blower to supply oxygen needed for the electrochemical reaction. The dissolved oxygen concentration was maintained in the range of 7.1-7.5 mg/L. The cathodic chamber was filled with 30.8 mM of KH 2 PO 4 .H 2 O solution (adjusted to pH of approximately 7.0 by 1.0 N HNO 3 ) and aerated water as the cathodic electrolyte. The sludge in anodic chamber was mixed by a stirrer; however, the mixing was only provided by aeration in cathodic chamber. Fig. 1 shows the diagram of an MFC combined with a biological wastewater treatment process in the present study.
The anodic and cathodic chambers were separated by a proton exchange membrane (Nafion 117, Dupont Co., USA) installed in a Plexiglas acrylic pipe (inner diameter 1.5 cm and total length 23 cm) connecting anodic and cathodic chambers. The distance between anode and cathode was approximately 36.5 cm. The anode and the cathode were connected externally with concealed copper wire and the power Fig. 1 : Schematic of an MFC combined with a biological wastewater treatment process production was measured with the external load resistance adjusted to 10, 50, 500, and 1000 Ω using a resistor box.
Operational condition
The MFCs were operated at an ambient temperature of 24-26 °C in the laboratory. All systems were run under identical continuous flow conditions with the flow rates of 350 µL/min (0.5 L/day), 700 µL/min (1.0 L/ day), 1000 µL/min (1.44 L/day) and 2000 µL/min (2.88 L/day) to compare the differences of power generation between gram negative and gram positive bacteria. The Hydraulic retention times (HRTs) for anodic chamber were 38.3, 19.1, 13.3 and 6.6 h, respectively, whereas HRT for biological treatment aeration tank were 47.0, 23.5, 15.7 and 8.2 h, respectively. Stable substrate removal efficiency expressed as Chemical oxygen demand (COD) and power output were considered as indicators to assess the stable performance of the MFCs. The flow rate was set to 350 µL/min first, and the potential (voltage) of each MFC (each pure culture) was measured a minimum of five times per week with the external load resistance adjusted to 10, 50, 500 and 1000 Ω until the system was stable. At the last two days, when the power outputs became stable, the synthetic wastewater (influents) and the effluents from anodic chamber and clarifier were collected for analysis. The average of the COD values and the power outputs were used for further analysis. In the same way, the power production and the water quality of MFCs for each bacterium under the flow rates of 700, 1000, and 2000 µL/min were evaluated. Table 1 shows the operational data of MFC and biological treatment unit in the present study.
Analysis of water quality and power Generation
Water samples of the influent (artificial wastewater) and the effluents of anodic chamber and secondary clarifier were collected for the measurement of water temperature, pH, conductivity and COD (using closed reflux method), following the methods mentioned in Standard Methods (Clesceri et al., 2001) . The pH, temperature, conductivity, and dissolved oxygen (DO) (DO200, YSI, Inc., USA) of the water in cathodic chamber were also measured. For the confirmation of experimental accuracy, each experimental analysis was applied to each water sample in duplicate, and the data from duplicated tests of each water sample were then averaged.
The potentials were measured using a digital multimeter with data acquisition unit (U1253B, Agilent Technologies, Malaysia) and converted to power (mW) and power density (mW/m 3 of anodic chamber). When the MFCs became stable (5-7 d), the potentials at various load resistances (10, 50, 500 and 1000 Ω) were measured a minimum of five times per week. As the reading of potential on the digital multimeter became stable during each measurement, the potentials were then recorded every 10 s continuously for 3 min, then averaged. All the average potentials were collected continuously for several days (5-14 d) (Tables 3-6) , and used for further analysis. All statistical data analyses were performed using the SPSS 13.0 software.
RESULTS AND DISCUSSION
Wastewater treatment efficiency
The treatment efficiencies and the substrate degradation rates of the MFCs combined with a biological wastewater treatment unit (including aeration tank and secondary clarifier) for four cultures are outlined in Table 2 . The measured influent CODs of MFCs were between 1060 and 1371 mg/L. The pH values of artificial wastewater for P. putida and Corynebacterium glutamicum were in the range of 5.78-6.36, which caused the low pH values (i.e., 3.26-4.38) in the effluents of both anodic chambers. However, after the addition of NaOH and NaHCO 3 into artificial wastewater, the influent pH values for Comamonas testosteroni and A. polychromogenes ranged from 8.11 to 8.66, and the effluent pH values of anodic cell ranged from 6.01 to 6.67. According to the data in Table 2 also show that the biological treatment unit can achieve over 70 % of COD removal efficiency. In the present study, the MFC combined with the biological treatment unit can effectively remove the organic matter from wastewater. The COD in the final effluent from aeration tank and clarifier was always below 100 mg/L (between 34 and 98 mg/L; data not shown) and the overall COD removal efficiency was higher than 85.5 % (up to 98.1 %).
Relationship between flow rate and power generation As shown in Figs. 2 and 3, good linear relationships anodic chamber per day for flow rates of 350, 700, 1000 and 2000 µL/min, respectively). However, notably, all slopes of developed straight lines in Figs. 2 and 3 are very slight; therefore, the increase of potential and power density with flow rate may not be significant. As mentioned above, MFCs 1 and 2 displayed higher COD removal efficiencies and substrate degradation rates in anodic chamber than MFCs 3 and 4. However, the power generation was higher in MFCs 3 and 4 than in MFCs 1 and 2. Thus, only a certain part of substrate is used for power generation. This result is in accordance with the conclusion of Rodrigo et al. (2007) , who claimed only 0.25 % of the removed COD used for the electricity generation processes.
Figs. 2 and 3 also show that the potential and the power production could be low because the external load resistances are low. This result is also in accordance with the findings of Ghangrekar and 
Statistical analysis of power generation between gram negative and gram positive bacteria
The comparisons of MFC potentials for each bacterium (four bacteria in total; external load resistance, 1000 Ω) are listed in Table 3 . The potentials of MFC for P. putida and Corynebacterium glutamicum are apparently irrelevant to flow rate; however, for Comamonas testosteroni and A. polychromogenes, higher potentials could be seen at higher flow rates. Table 4 also shows similar results when comparing MFC power densities at different flow rates for each bacterium.
The results were partly different from those obtained by Rodrigo et al. (2007) and Mohan et al. (2010) who reported higher power output at lower substrate load and power density independent of flow rate, respectively. In the study of Mohan et al. (2010) , a batch-operated single-chambered MFC and mixed anaerobic consortia were used to treat composite vegetable waste with the loading rates of 2.08, 1.39, and 0.7 kg COD/m 3 /day. Rodrigo et al. (2007) claimed that the generated power density depends mainly on You et al. (2006) also concluded that longer HRT may have a detrimental effect on voltage stability when compared to shorter HRTs. In the current study (Tables 3 and 4) , maximum average voltage of 43.64 mV and maximum average power density of 2.44 mW/m 3 were obtained at the HRT of 6.6 h (flow rate = 2000 µL/min) for Comamonas testosteroni (MFC 3). Therefore, the reactor configuration, wastewater characteristics, applied cultures and operational characteristics may be the factors causing the different results.
The comparisons of potential and power density at different flow rates on gram negative and gram positive bacteria are shown in Tables 5 and 6 . At lower flow rate (350 µL/min), no significant differences on the potential and the power density of MFCs were found between gram negative and gram positive bacteria. At higher flow rate (especially at 1000 and 2000 µL/min), Comamonas testosteroni showed the highest power generation performance, followed by A. polychromogenes. At higher flow rate (lower HRT), gram negative bacterium, such as Comamonas testosteroni, which has thinner cell wall and lower Zeta potential on cell surface, may discharge the electrons and protons much faster than gram positive bacterium, such as A. polychromogenes. In addition, the potentials and the power densities of P. putida and Corynebacterium glutamicum were always lower than those of Comamonas testosteroni and A. polychromogenes. Behera and Ghangrekar (2009) claimed that higher feed pH (8.0) may favor higher power production; thus, lower pH of artificial wastewater for P. putida and Corynebacterium glutamicum might affect their power generation performance. A comparison of specific powers of two gram negative and two gram positive bacteria is shown in Table 7 . The results only show that Comamonas testosteroni and A. polychromogenes can produce more power than P. putida and Corynebacterium glutamicum with the utilization of the same amount of COD. No significant difference on the specific power (power production per kilogram COD used) was seen between Comamonas testosteroni and A. polychromogenes and between P. putida and Corynebacterium glutamicum. Therefore, more evidence is required to prove the difference of power generation capability between gram negative and gram positive bacteria in the future.
CONCLUSION
Continuous-flow MFC combined with biological treatment unit can effectively remove the organic matter from wastewater and simultaneously generate electricity. Each pure culture has different power generation performance under the same operational conditions. However some factors, such as wastewater pH, wastewater flow rate and HRT of reactor, also affect the electrogenic capability of each culture. Maximum average voltage of 43.64 mV and maximum average power density of 2.44 mW/m 3 were obtained at the HRT of 6.6 h (flow rate = 2000 µL/ min) for Comamonas testosteroni. Good linear relationships between the flow rate and the potential and between the flow rate and the power density on four pure cultures at different external load resistances were found. The current study also showed that Comamonas testosteroni has better power generation performance than A. polychromogenes, especially at higher flow rate. Although, P. putida also showed higher power generation than Corynebacterium glutamicum, the difference was not statistically significant. The pH of wastewater may be one of the major reasons for the difference. It seems that gram negative bacterium displayed higher power generation than gram positive bacterium at higher flow rate (lower HRT). Although the bacteria received the same synthetic wastewater with lower and higher pH and grew under the same operational conditions, they displayed different power outputs. It is suspected that the difference of their surface charges may be one of the reasons affecting the electrons diffusing into the liquid and to the electrode. Overall, the difference of growth rates between gram negative and gram positive bacteria may also affect their electrogenic capability in MFC. The results of this study showed that more evidence is required to prove the difference of power generation capacity between gram negative and gram positive bacteria in the future.
